v t Regional blood-to-tissue transport, expressed as a unidirectional transfer rate constant (K), was measured in experimental RT-9 brain tumors using '4C-alpha-aminoisobutyric acid (AIB) and quantitative autoradiographic techniques. The magnitude of K depends on the permeability, surface area, and blood flow of the tissue capillaries. The transfer rate constant was variable within tumor tissue (range 0.001 to 0.178 ml/ gm/min) and depended on tumor size, location (intraparenchymal, meningeal, or choroid plexus associated), and to a lesser extent on necrosis and cyst formation. Brain adjacent to tumor had higher K values, particularly around larger tumors (0.004 to 0.014 ml/gm/min), than corresponding brain regions in the contralateral hemisphere (0.001 to 0.002 ml/gm/min). Estimates of the fractional extraction of AIB by intraparenchymal tumors were between 0.008 and 0.4 ml/gm/min. Values of fractional extraction in this range indicate that tumor capillaries are not freely permeable to this solute. The values of K measured with AIB in this study, for the most part, approximate the permeability-surface area product of tumor and brain capillaries. The experimental data suggest that the permeability-surface area characteristics of the microvasculature in small RT-9 tumors are similar to those of the host tissue, whereas the microvasculature of larger RT-9 tumors is influenced more by intrinsic tumor factors.
S
UCCESSFUL delivery of drugs to malignant cells partly depends on the functional characteristics of the microvasculature in the neoplasm. This is especially true for central nervous system (CNS) tumors where the blood-brain barrier (BBB) may restrict the transfer of water-soluble drugs and metabolites between blood and brain or between blood and neoplastic tissue. 4,5,'4,24,25 The BBB has long been considered a major reason for chemotherapeutic failure of both primary and secondary brain tumors. However, clinical observations with radionuclide brain scans and iodine-enhanced computerized tomography (CT) scans, experimental studies with horseradish peroxidase in animal models, 12,17 and electron microscopic studies of tumor blood vessels 26, 34 suggest that the BBB is incomplete or nonexistent and, therefore, may not be limiting with respect to drug delivery. 3~ The nuclide or enhancement scans in patients and peroxidase studies in animals result in observations that are qualitative; expression of data obtained from these studies in quantitative or physiological terms such as a unidirectional transfer rate constant (K) is usually not possible. Consequently, conclusions drawn from these nonquantitative observations must be considered with some reservation.
In this study, an operational expression was used to calculate a unidirectional blood-to-brain or blood-totumor transfer constant, K, for alpha-aminoisobutyric acid (AIB) directly from the experimental data. AIB is a non-metabolized small neutral amino acid (molecular weight of 103 daltons), and was chosen because of its transport characteristics across normal brain capillaries and intact cell membranes. 6 The purpose of this study was to characterize the RT-9 tumor model in terms of regional measurements of K with AIB, to correlate these measurements to specific histological and morphological features of the tumor and surrounding brain tissue, and to compare the mea-surements of K to those of blood flow 9 in order to obtain an estimate for the extraction fraction of AIB by intraparenchymal tumors of different size and location.
Materials and Methods

Animal Model and Preparation
The preparation and inoculation of RT-9 tumor cells, originally induced by intravenous injections of N-nitrosomethylurea in pregnant rats, 3 was described in the previous manuscript? Experiments were performed 18 to 21 days after tumor cell injection. Animal preparation under a halothane-nitrous oxideoxygen mixture was similar to that described previously, 8, 9 except that the femoral extracorporeal arteriovenous (AV) shunt was formed with a 3-cm length of PE-50 polyethylene tubing and a three-way stopcock to facilitate arterial blood sampling. Arterial blood pressure, pO2, pCO2, pH, and body temperature just prior to or during the experiments were: 106 +_ 8 (SEM) mm Hg, 97 + 4 tort, 38.4 + 1.7 torr, 7.37 + 0.01, and 36 ~ + 0.6~ respectively.
Experimental Procedures
Regional blood-to-brain transfer constants were measured using carbon-14 labeled AIB* ( [1-t4C] , 40 to 60 mCi/mmol), as described by Blasberg, et al. 6, 8 Radiochemical purity was determined by chromatography in two solvent systems; 3~ more than 99% of the radioactivity was localized to the appropriate chromatographic region.
An intravenous bolus of 100/~Ci of AIB in 1 cc of saline, after pH adjustment to 7.2 to 7.5, was administered to each experimental animal. Timed blood samples, 0.1 cc, were rapidly drawn from the threeway stopcock in the AV loop, centrifuged, and plasma radioactivity measured by beta liquid scintillation counting using a Beckman LS 350 spectrometer and external standard quench correction. The animal was decapitated 10 minutes after AIB administration, and the brain was rapidly extracted and frozen in liquid freon (-40~
The methods used to process the tissue for histology and quantitative autoradiography (QAR), for determining tissue radioactivity by QAR, and for the analysis of the autoradiographs have been described in the previous paper. 9
Calculations and Measurements
The unidirectional blood-to-tissue transfer constant was calculated from the experimental data and the following relationship:
where Ci is the concentration of AIB in brain or * 14C-aminoisobutyric acid obtained from New England Nuclear Corp., Boston, Massachusetts. tumor tissue at time T, expressed as nCi/gm tissue wet weight, Cp is the plasma concentration (in nCi/ ml), and t is the variable time. 6,s,t~ This relationship assumes no backflux, brain-to-blood, during the experimental period, and is similar to the one developed by Ohno, et al. 32 The transfer constant K can also be considered to be a plasma clearance constant; it has units of volume per unit mass of tissue per unit time, usually expressed as ml/gm/min.
Regional measurements of K were made by computer-assisted image analysis of the stored optical density data as previously described. 8,9 An additional rim of brain tissue, 300 to 400 # wide, around the brain adjacent to tumor (BAT) has been defined as brain surrounding tumor (BST). Although BAT contained a variable number of isolated tumor ceils and very small tumor foci, as previously described, 9 BST was essentially tumor-free.
Results
Patterns of Tumor Growth
The patterns of tumor growth in these experiments and their cytological and histological characteristics were similar to those described in the previous study, 9 although the larger tumors in this series of experiments demonstrated somewhat fewer spindle cells and sarcomatous elements. In most of the animals, the tumors displayed a highly invasive growth pattern, as previously described? Extensive propagation of tumor along the subarachnoid spaces and in meningeal tissue was observed in four of the eight animals included in this study. Individual tumor foci were identified in the rostrocaudal plane of sectioning. In some cases, these "individual" foci were found in serial sections to be extensions of tumor in other brain regions. Usually the connection between these "separate" tumor foci, when it could be identified, was composed of irregular cords of neoplastic tissue. We elected to analyze all focal masses of tumor separately; an identifiable narrow or small tumorous connection between two larger tumor masses did not preclude treating them as separate foci.
Blood-To-Tissue Transfer Constant
A unidirectional blood-to-tissue transfer constant, K, was measured with AIB in eight animals that had 47 independent or semi-independent tumor foci. The largest cross-sectional area of a given tumor focus was found to present a representative pattern of K for the entire focus. This was determined by a sequential analysis of the histological and autoradiographic sections cut along the tumor's rostrocaudal axis in several experiments. The lower limit of reliable optical density measurements above x-ray film background in these studies corresponded to a K of 0.5 to 1.0 • 10 -3 ml/ gm/min. The K in nontumorous parietal cortex and corpus callosum was 1.6 _+ 0.4 and 0.8 _+ 0.1 x 10 -3 ml/gm/min, respectively (mean _+ SD). 
Tumors in Hippocampal Sulcus
Tumor infiltrated the meninges of the hippocampal sulcus in five experiments (Table 2 and Fig. 2 ). Despite the relative small size of these tumors (0.44 to 2.4 sq mm maximum cross-sectional diameter), the K values were significantly greater than comparable intraparenchymal tumors (Table 1 ). This group of tumor foci had up to a 24-fold increase in K with AIB (average, 10-fold increase) and had a small effect on adjacent brain tissue ( Table 2 ). This latter observation could not be correlated with the degree of brain parenchymal invasion from the sulcus tumor due to the small sample number.
Small Intraparenchymal Tumors
Small tumors with maximum cross-sectional areas less than 2.2 sq mm were almost identical in their histological features and demonstrated up to a fivefold increase in K with AIB (average, 2.1) compared to the value measured in the corresponding contralateral structure of the brain ( Table 1 ). The cells of one tumor (Tumor 5a, Table 1 ) were smaller and demonstrated a higher nuclear: cytoplasmic ratio and more prominent pyknotic features than the rest of the tumors in this group. These differences were restricted to cytological characteristics only, and were not considered to be striking enough to justify a separation based solely on the microscopic appearance of the tumor. A small increase in K was also observed in the brain adjacent to these tumors; the highest K in BAT was observed in Tumor 5a. The location of these small tumors did not seem to influence the value of K, with the possible exception of Tumor 5a, which
Medium and Large Intraparenchymal Tumors
A significantly higher K was measured with AIB in tumors that had maximum cross-sectional areas between 2.4 and 25.0 sq mm (Table 3 , and Figs. 1 and 2). The average K of these tumors was 30 times greater than that in the corresponding contralateral brain area (range 13 to 50 ml/gm/min • 103). The K values measured in BAT were about eight times higher than in the corresponding contralateral brain area. The higher K values were not restricted to brain tissue directly adjacent to the tumor areas, but were also observed in regions more distant from the tumor (BST) as well. The gradient of K in brain tissue as a function of distance from the tumor margin is illustrated in Figs H & E. Right: Corresponding image of regional K values of AIB, color-coded to a range of specific values. Note that the highest tumor K values are associated with tumor invading the choroid plexus and meninges, and the lowest K values with small tumor foci invading the hippocampus and thalamus. In the large tumor (Tumor 8e), no consistent correlations between K and histological features were apparent, and comparatively low K values were measured around the large cyst, in contrast to Tumor 2c (Fig. 1) . = contralateral brain of individual tumors and partly due to their anatomic location (for instance, association with meninges). Marked regional variability of individual K measurements was observed in all the larger tumors with a cross-sectional area larger than 2.4 sq mm (Figs. 1  to 3 ). The regional variability of K is indicated in the tables by the high and low values as well as by the magnitude of the standard deviation of the mean tumor value. The values of K in the center differed from those at the periphery and from the average K of the whole tumor. These differences, however, were not consistent; K was higher in the periphery of four tumors and in the geometric center in four others (Table 3 ). These regional differences in K were not associated with clearly defined cytological or histological characteristics of the tumor. Necrosis was absent in this group of tumors; cystic changes were noted in only two tumors (Tumors 2c and 8e, Figs. 1 and 2 , respectively).
Extracerebral Tumors
The tumors whose growth extended from the site of injection along the needle track and over the convexity of the cerebrum and within the longitudinal cerebral fissures demonstrated more sarcomatous features, cyst formation, and necrosis (Table 4 , Fig. 3 ). These tumors originated from groups of tumor cells that spread along the subarachnoid space and resulted in extraparenchymal intracranial tumors. Occasionally, reinvasion of the cortex from the extracerebral portion of the tumor was observed along perivascular pathways (the Virchow-Robin spaces). In these tumors, K was usually higher than in the small intraparenchymal tumors (Table 1) or hippocampal sulcus  tumors (Table 2 ), but similar to that in the large intraparenchymal tumors (Table 3) . Variability of K within a given tumor was also a prominent characteristic of this group (Table 4 ). The bulk of tumors growing in the longitudinal cerebral fissures consistently had higher K values in their geometric centers (Tumors 4c, 6a, 8a, and 8b: Table 4 ). In contrast, the two large tumors growing over the cerebral hemispheres (Tumors 8c and 8d: Table 4) had the highest K values along the tumor periphery (Fig. 3) . The lowest K values in the extracerebral tumor foci were usually associated with cyst formation and necrosis, when these features were present. Increased K values were observed in adjacent cortex which was compressed by the extracerebral growth of tumor (Fig. 3) ; this occurred in cortical regions free of tumor reinvasion, as well as in regions where tumor cells were present in Virchow-Robin spaces. This change could be detected in deeper as well as superficial layers of the compressed cortex.
Basal Subarachnoid Tumors
Subarachnoid tumor growth, particularly in the basal cisterns, was prominent in four animals ( Table  5 , Fig. 2 ). All these tumor foci had moderately high mean K values with AIB, a variable range of regional K values which was highest in the geometric center, and all had an effect on the K of adjacent brain tissue. In three animals, tumor invaded the hypothalamic region along Virchow-Robin spaces.
Tumor in Choroid Plexus
Tumor invaded the choroid plexus in five animals ( Table 6 , Fig. 4) . The K values with AIB were highest in this tumor group. An inverse nonlinear correlation between K and tumor size is suggested by the results in Table 6 , especially when the fourth ventricular tumors are excluded. The highest K values were always associated with tumor in which some choroidal structures could be identified. The lowest K values were usually associated with tumor remote from identifiable choroid plexus or the choroidal stalk (Fig. 4) . 
Discussion
The ultrastructural basis for the BBB, the pentalaminar junctions between cerebral endothelial cells and the absence of endothelial fenestrations, was described by Reese and Karnovsky? 3 Several subsequent reports have attempted to clarify the presence or absence of "tight junctions" in CNS tumor blood vessels. On the basis of electron microscopic studies, Long e6 concluded: "it seems semantically more correct to speak of an 'absence' rather than a 'breakdown' of the BBB in human brain tumors." The same conclusion was emphasized by Waggener and Beggs :~v in a review on the vasculature of neural neoplasms. The abnormal morphology of the capillaries in human neoplasms 21,2~-28 and in experimental tumors ' 1,1:3,:~4,'' has been described in detail. These observations led to questions as to the importance of the BBB in braintumor chemotherapy? 6 The clinical experience with radionuclide and CT-enhancement scans in braintumor patients suggests a more variable pattern. In addition, Levin, et al., 22, 23 characterized transcapillary exchange in the experimental 9L gliosarcoma brain tumor by calculating capillary permeability values for various compounds and drugs, and demonstrated an appreciable blood-tumor barrier for their animal model.
Capillary Permeability
Transcapillary passage is commonly discussed in terms of "permeability" of the capillaries with respect to a particular metabolite, drug, or test substance. Capillary permeability (P) in the physiological literature is precisely defined; it has units of distance per unit time, usually expressed as cm/sec. Since the amount of material which crosses the capillaries is dependent on capillary surface area per unit mass of tissue (S) as well as on P, the functional expression for capillary permeability in tissue for which capillary surface area may not be known is the permeabilitysurface area product (PS). The units of PS are volume per unit mass of tissue per unit time (that is, cm/sec • sq cm/gm), usually expressed as cu cm/gm/sec or ml/gm/min. However, it is not possible to measure P or PS directly by in vivo experiments. The P or PS values for metabolite, drug, or test molecule flux across the capillaries are derived values. For example, capillary surface area has been measured by Levin, et al., 22, e3 in 9L tumors and this value was subsequently used to calculate the permeability of tumor capillaries to various test substances and drugs from their experimental data? 2-25 The assumptions and limitations of this calculation have been discussed. '4 An extraction fraction (E) or a blood-to-brain transfer rate constant, K, can be calculated directly from the experimental results obtained by appropriate blood-brain transport studies. 14 Both E and K are operational terms. The fractional extraction, E, is a dimensionless term, and is obtained from short duration experiments and a single passage of the test substance through the capillaries; K is obtained from longer duration experiments and multiple passages of the test substance through the capillaries. K has the same units as PS and blood flow (volume per unit mass of tissue per unit time, usually expressed as ml/ gm/min) and can be considered in terms of a plasma clearance constant. K is an operational constant which is a function of PS and the amount of material which is brought to the tissue microvasculature by the blood, namely, blood flow (F). The actual flow of interest is FVc, where V,. is a dimensionless term (vol/vol) which represents the fraction of blood (namely, the plasma) that is involved in the blood-tissue transfer process. TM For the experiments reported here with AIB, Vc is approximately 0.5. 8 The equations which relate PS, K, E, and FVc are presented elsewhere. 14 Quantitative autoradiography and the experimental protocol using AIB provide a functional "map" of the BBB in terms of the blood-to-brain transfer rate constant, K, across tumor as well as brain capillaries. In addition, computerized image analysis can relate quantitative regional measurements to tissue histology and morphology, and thereby help bridge the gap between the latter disciplines and transport physiology. AIB was chosen as the test molecule because it 27-120 * The value of K determined in nontumorous choroid plexus with AIB ranged between 100 and 300 ml/gm/min • 10 -3. AIB = aminoisobutyric acid.
crosses normal brain capillaries slowly and is avidly taken up by brain 6 and tumor cells; 1,z,16,2~ it is essentially "trapped" by cellular transport processes. These characteristics make this compound useful for determining unidirectional influx constants from single-time experiments, since backflux, tissue-to-blood, during the experiment is minimized# a~
Regional Transfer Constants in Tumor and Brain
The results obtained with the AIB-QAR technique and presented here, as well as observations from similar studies in other tumor models, 7,8,1s,3~ indicate that blood-brain and blood-tumor transfer is more complex than previously considered. Indeed, the most consistent pattern to emerge from these studies is a variable one. The range of K measured in this study was broad; K usually varied from tumor to tumor as well as within individual tumors, and only a few correlations could be identified between the magnitude of K and specific histological and cytological features.
There were three major findings. First, a clear relationship was demonstrated between the magnitude of K and the size of intraparenchymal tumors (Tables 1 to 3) . A similar pattern was noted in the Walker 256 metastatic brain-tumor model 7 and an ethylnitrosourea-induced glioma model; 38 small tumors, with a maximum cross-sectional diameter of less than 1 ram, demonstrated little or no increase in K with AIB, whereas the K values in larger tumors were generally 10-to 50-fold higher than normal brain. 7 Second, necrotic and cystic regions generally had lower K values than other regions in medium and large size tumors. Third, the values of K and presumably the permeability characteristics of tumor capillaries were clearly related to the primary vascular network supplying these tumors. The highest K values were usually measured in tumor regions which were primarily supplied by blood vessels derived from the choroid plexus, meninges, or dura, in comparison to other tumor regions primarily supplied by brain parenchymal vessels.
Tumors associated with the choroid plexus, in contrast to intraparenchymal tumors, demonstrated an inverse relationship between tumor size and the magnitude of K ( Table 6 ). The observation of a clearly defined gradient of K within the tumor, highest in the area with identifiable choroidal structures and declining as a function of distance from this region (Fig. 4) , suggests a more complex tumor-host tissue relationship. 19 Similar observations were made in our laboratory with Walker 256 metastatic tumors associated with choroid plexus and the meninges in comparison to the solely intraparenchymal tumors. In addition, a biphasic relationship between K and tumor size is suggested by the observation that the largest intraparenchymal tumors (Tumors 8e and 3e, Table 3 ) had lower mean and central region K values than other tumors in this group. A similar relationship was observed in two large extraparenchymal tumor foci (Tumors 8c and 8d, Table 4 ).
The lowest K values in the larger tumors were usually, but not always, associated with tumor necrosis when necrosis was apparent on the histological section. Yamada, et al., 38 also found low K values with AIB in tumor regions that were necrotic. These observations illustrate, in part, the discussion above, which relates K to blood flow as well as the permeability-surface area product. Another consideration involves necrotic or dying tissue regions, where cellular amino acid transport processes are damaged or inactive. Under these conditions, backflux of AIB from tissue to blood during the experimental period could be significant and result in an experimentally determined value for K, which is less than the actual bloodto-tissue transfer rate constant. 1~
A specific comparison between RT-9 and 9L experimental brain tumors can be made. Permeabilitysurface area products of 9L brain-tumor capillaries for several drugs and test substances (that are "BBB excluded" or have "slow BBB passage" in normal rats) can be calculated from the data presented by Levin, et al. 2a These PS values in the 9L tumor ranged between 0.019 and 0.072 ml/gm/min, and are similar to the values of K reported here for medium and large size RT-9 brain tumors using AIB. Although blood flow has not been directly measured in the 9L braintumor model, it is likely from the data presented 2a that F is considerably higher than the PS values calculated above, and thus, one may conclude that a blood-tumor barrier is present.
Extraction Fractions
Extraction fractions may be simpler to grasp conceptually than transfer constants or permeability-surface area products; they represent the fractional extraction from blood into tissue of a test substance during a single passage from the arterial to venous end of the vascular (capillary) bed. 14 Using the simple relationship E = K/FVc, 14 the transfer constants measured here with AIB and blood flow measured in the previous manuscript 9 can be compared to estimate E for AIB in RT-9 experimental brain tumors. An estimate of E for AIB in small RT-9 tumors is about 0.008; this was obtained from the average K (Table  1) , the average F ( Table 1 of the previous manuscriptg), and the K/FV~ relationship. For nontumorous parietal cortex and corpus callosum, E was calculated in the same manner and found to be 0.002 and 0.005, respectively. The K for AIB transfer across the capillaries in larger tumors was significantly greater than that in small tumors. However, a restriction of AIB flux across the capillaries of these larger tumors was also apparent. The estimate of E for AIB in medium and large RT-9 tumors, using the same relationship as above, yielded results between 0.03 and 0.4. Therefore, even the capillaries of the large tumors were not completely permeable to AIB. In addition, most of the regional measurements of K reported here closely approximate the calculated permeability-surface area products of tumor and brain capillaries with respect to AIB. 6,14 These observations could be significant with respect to the delivery of water-soluble drugs to neoplastic cells at an adequate rate and concentration, particularly to those cells in small tumor foci. The permeability of the capillaries, which is reflected in the magnitude of K for the small tumors and surrounding brain tissue and, to a lesser degree, for the larger tumors, could be one factor limiting effective chemotherapy by water-soluble drugs with blood-to-tissue transport characteristics similar to AIB in the RT-9 brain-tumor model.
Brain Around Tumor
Our observations of an increase in K in brain tissue P. Molnar, et al. around the tumor, BAT and BST, are somewhat different from those previously reported22 On the basis of experiments in 9L experimental brain tumors, Levin, et al.fl 2 suggested a possible tumor-BAT diffusional exchange due to a lower estimate for the permeability of brain capillaries in BAT to urea and sodium. We measured an increased K with AIB in BAT for small tumors and in both BAT and BST for larger tumors (Tables 2 to 4 ). In this study, BAT was infiltrated by tumor cells to a varying degree, whereas BST was essentially tumor-free. Since AIB is avidly taken up by brain cells after crossing the capillaries, 6 and its effective diffusion coefficient through brain tissue is very low, 15 this molecule could not "diffuse" from the tumor rim into and through neighboring brain tissue during the period of experimentation and tissue processing to account for the observed radioactivity within BAT and BST. The precise localization and quantitative measurements that are possible with this autoradiographic technique clearly demonstrate that the permeability of the brain capillaries was increased in brain tissue surrounding bulk RT-9 tumor (that is, BST) in the absence of direct invasion by tumor cells. Similar observations have been made with Walker 256 metastatic brain tumors, 7 viral-induced brain tumors, 3~ and RG-2 brain tumors. TM The mechanisms responsible for producing altered capillary permeability in BAT and BST remain unknown.
Relevance of K and F Measurements
The relevance of blood flow and blood-to-brain transfer experiments to clinical pharmacology and brain-tumor chemotherapy has been discussed in several recent publications. 4,5,7,14,z4,z5 Capillary permeability is precisely defined, and is specific for a particular metabolite, drug, or test substance within a particular capillary bed. In this study, AIB was used as a model or test substance because it has several distinct characteristics (low molecular weight, high aqueous and low lipid solubility, and slow passage across the "normal" BBB) which are similar to many chemotherapeutic compounds. It must be emphasized that the experimental studies reported here and clinical diagnostic studies, such as the enhancement CT scan or the isotope brain scan, do not measure capillary permeability per se. The regional measurement or observation includes a complex sequence of distribution steps including blood flow, capillary permeability, capillary surface area, the equilibrium tissue volume(s), and the time course of the arterial plasma and regional tissue extracellular fluid concentrations as well as diffusion and bulk flow through tumor and brain of the isotopically labeled test substance or contrast-enhancing material. Under controlled and clearly defined conditions, it is possible to measure an extraction fraction or a blood-to-brain transfer constant. 14 Otherwise, the complex interaction of the factors outlined above determines the distribution and concentration of the test substance within the tissue and it is not possible to determine or calculate P, PS, K, or E. The enhancement CT and isotope brain scan produce images that reflect many if not all the distribution steps listed above. Although the resultant images are extremely important for the diagnosis and management of patients with brain tumors, it must be remembered that these images do not reflect capillary permeability alone and conclusions based solely on a single-parameter evaluation of the images must be considered with some reservation.
